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ABSTRACT

LOWTRAN IIIB is a FORTRAN computer program for prediction
of atmospheric optical transmittance, developed at the U.S. Air
Force Geophysics Laboratory (AFGL). LOWTRAN IIIB was received
in the modified form developed by Naval Weapon Center China
Lake for use on the UNIVAC 1110 computer [Ref. 1], and has now
been interfaced to the IBM 3033 computer.

Due to compiler storage limitation in the IBM computer the
atmospheric data are read into common storage at the beginning
of the program. The two dimenstional block data submodule has
been replaced with a linear data array, and a new subroutine
(array) written to reformat the data. The basic 1logic
structure is unchanged.

Comparisons of NPS LOWTRAN IIIB computations with direct
optical extinctions measurement over Monterey Bay and at San
Nicolas Island indicate that under these circumstances LOWTRAN
IIIB considerably underestimates the extinctions due to
aerosols wihile the computed molecular absorption is in
substantial agreement with experiment.

LOWTRAN IIIB is presently available as a method for
predicting atmospheric transmittance at low resolution at NPS
and is suitable for incorporation in simulations and studies of

electro-optic weapon/sensor systems performance.
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I. INTRODUCTION

LOWTRAN IIIB is a FORTRAN computer progrem, developed at
the U.S.Air Porce Geophysics Laboratory (AFGL), which was
received in the modified form develop=2¢é by Naval Wsapcn
Center. It calculates the transmittance c¢f the earth's
atmosfphare It the spectral region from 0.25 to 28.57 micrcm-
2ters (350 «c 40,000 cm-1) at 20 cm-1 spectrai resolutior on
a linear wavenumber scale. Six atmospharic models, which
are trcpical, midlatitude summer and winter, subactic summe:
and win+ter, and the U0.S. 1962 standard actmosphere, covering
ssasonal and latitudinal variations from sea levsl *c 100 km
are available, in addition t¢c a capability <f allcwing +he
user to iaput atmospheric parameters of his c¢wn chcosirng.
The program includes four aerosol models which are average
contipen+tal, urban, rural, and maritime, and si+ker hazy (¢
km visibility) <or clear (23 km visibility) haze condi+ions
can te selected in addition tc the capability of selecting a
particular visibility of the user's chcosing. The mcdel
acccunts for molecular absorption, molacular scattering, and
aerosol extinction, plus atmospheric refrac*ion and earth
curvature effacts.

LCWTEAN IIIB is presently an available msthod fcr pred-
icting atmospheric transmittance at 1low resolution a% NPS
and may be incorpcrated in simula*icns and studiss oI
electro-cptic weapons/sensor systems performance.

Basically, this thesis describes a program :c

a) Cevelop a ccmputer code to calculate atmospheTic
traasecittance for particular wavelangths.

b) Cevelop a ccde to give transmittance and mclscular
absorptance with bandwidth appropriata2 to gr=sy-body scrces.
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c) Apply these to prediction of trarsmittance o
marine crtical path, based on the available me<sorclo
data tase for the area, £fcr- conditions appropriate tc the
optical proragation experimental m2asurement program at the 1

Naval Postgradua*te Schocl.
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II. THEORY OF ATMOSPHERIC TRANSMITTANCE

Beer's law fcr linear propagation of monochromatic ragi-
ation in the linear regime can be sxpressed as fcllows;

4 - "
& [T0)] = -z (egn 2.1)
or
2 —uz
% I(z) = I(Q) e %= (eqn 2.2)

Ic2)
Ico)
cf length z, and u is the total extinction coefficiexn% which

The ratio

is defined as the transaiztance T ¢f <k: path

is the sum of *the coefficients for total abscrption and
non-fcrward scattering
A = a4 ou
Both +the scattering and absorption coefficlients can be
divided intc components due *o the molecules of the air and
+he aercscl particles suspended in i+; i.e.
Mg = Kyt kg
g = Ty, + 0o
= mclsacular absorpticn cosfficient
= aerosol aktsorption coefficient
= pclecular scattering cosfficient

P‘) "\P*Jx

= aerosol scattering coefficient

The relative values cf the £four coefficients depend strongly
on the density and molecular composition of <+h2 a+mcschere
and the ccmposition, number Jensity and size distribution of

- the aeroscls. The order of importance in each of the impor-
. tant atmospheric transmission windows is shown in Tabls I
:j [Ref. 2]. We note from this that scattering ky bozh
& 12

N
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mclecules anrd aerescls is of greater importance in cths '
visible, and absorpticn in the infraced (particularly 8 to

14 um). Sirce devices are designed zo opsrats thrcughcus
these wirdows, it is important *o predic* the t-ansaiztance
of the atmcspherte as a func+tion of wavalergth and weather

PP

conditiorns. This prediction becomes a compliex ©vroblem of
computer modelling. The problem requires a definition of
the ccmpcsition, density and pressure of <*h2 atmosplk=zric
gases, together with the frequencies, 1line =sztengths and

B

line widths of all the spectroscopic transitions of <hz gas
molecules and the aerosol constituents, and the number, size

R

TABLE I
Cptical Atmospheric Attenuation Coefficient

Atmcspheric Wavelength for Attenuation Cocsfficien=s
windcw EO systems (un) in or-der of importance ]
Near Inirared 0.7 - 1.2 Gﬁ, wr T Km
Middie Infrared 3.0 - 5.0 KL, o kG, T
Par Infcared 8.0 - 12.0 Km, Ka. Oa

and ccmpcsition distributions of the éar:icles.

Over +the entire wavelangth range £rom visible to
infrarsd the absorpticn by molaculss, scattariag by as2rcescls
and abscrption by aerosols are <the -‘dominant =extinction

PV I PO I DY D T ST T

m2chanisns, and should be considered. In the “windcw"
regicns c¢f good <ransmittance, the molscular lins abscrption
is relatively small, and may in som2 ragions be igncrszd.
The remaining extinction in chese <regions is due to aerosol

P R S S T ]

scattering (wvhich varies only slowly with wavelength) and
"continuum absorgtion" by the molecules.
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A. HCLECULAR ABSORPTION

Tc ccmpute the mcrnochroma+tic <“ransmittance of “hs 2a*po-

. sphere, we must first obtair accurate data describiag tas

frequencies, intensity and 1line shape of all absorption

lines affecting *he attenuation. These should be developed

a ccapilatien based on certain constraints dictatad by

tmospheric abundances i€ we n2ed to devselop this monochro-
matic capability.

The approach by AFGL is %0 calculat2 the Z-ansmi“*<arnce

at given wavelength for each transi“ion having £inits

absorgtion at that wavelength for each of the nmclecules.
The summaticn over all the molcules gives a monochromatic
+ransmittance which is appropriate direc+ly for laser proga- 4
gaticn, Ltut must be degraded by ZiIntsgration over finite
bandwidth fcr low resolution predictions suitable to =non-
laser sources.

! . “KmZ ]
To calculate the transmittance T = ¢ . the abscrption

coefficiernt K, should b= knowr as a functior of freguency

for cach line.

The £fcur s2ssential line parameters for each line are the

f? resonant frequency, ), (cm-1), <the intensity per absorbing
II mclecule, S(cm-1/molecule cm-2), the Lcoren*tz line width
Bt

F parameter, J(, (cm-1/atm), <*he energy of th=s lowsr state,

E'(cm-1) ,and the line half-with at half maximum, ., which is
propcrticnal to the fpressure. The frequsncy,y,, is indepen-

!! dant of both temperature and pressure. The moleculac:
absorgticn coefficient is given by

S A :
[ (V- 0)*- A‘]

Km(y)= (2gn 2.3)

.]- o7 T a8 eeTy
. ORI R S P
L

S i/km(V) dv (egn 2.4)

Sl @R
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The pressure broadened 1line width despends in a compli-
cated fashion on temperature; {or computation this is

. (B IR 4
"t
PR

approximated by the assumption of temperatures - Indepenient

S
A

2

collisicn diame*ters, leading to

& -

X
1 L

.
l < =.L(I—'°,'I$)%(ér-)a (zqn 2.5)
\. (-] .
f where P = 1 atm, and :
ﬁ: T = 296 degrees Kelvin. 3
l The intensity, S, is pressure-independent and its +=mp- a

erature dependance caa be calculated froam E" and

SRR

S(T) = S(Ty) g:((:’))x g‘:((:f;x exp [1.439 E"(I_F‘T-_‘-;i)] (292 2.5)
i whare Q, and Q, are vibrational arnd rotaticnal partition

! functions respectively. At lower prasssure the collision
i broadening diminishes and Doppler broadering becomes impcr-
. tan*. In the in+termediate pressure rcaang=s the Voigt profile
:i obtained Ly convolving <the two profiles is used. once

Dcppler trcadening dcminates the Gaussian profile may be
i used. Lcrentz linewidths ar2 typically .001 to .01 cm-1,
; wvhile the Doppler width may be 0.0003 cm-1.

: The AFCRL <calculations ([Ref. 14] are based on <zhe
-i Absorgticn LlLine Parameters Compilation, which originally
P listed 3, S(), A(Ps, Ts) and E" for 130,000 lines in tha
B, range beyond 1 mam, for each ons of the species water, carton
j dioxide, czcne, nitrcus oxide, carbon monoxids, wmethane and
f oxygen. A new version of the compilatiorn including ovsr
i 139,000 lines between 0.2 am and 30 mm was recently reported
g by AFGL [Ref. 3].

‘
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B. CCNTINUUM ABSOBPTION

b
[P
]

Continuum absorption occurs as a rssult of ccl

in
1
[¢]
134
n

sional irtersctions Letween moleculss; <that is, <ccll
tetween two H,0 molecules and thosa of other gases (

1o B o)
(1}
12
e ]
X 0O

pally H;C: N, collision, since nitrogen comprises a
mately 80 % of the air)
In wavelength regions between the absorption bands some .

Ero

attenuvaticn cccurs cf a coantianuous naczusze which iz a<iri-
buted +to water vagor. The mechaaism of wa<sr vagpor
continuum extinc*ion 1lacks a complete theorstical explana-
tion. At present, it is Ltelieved that it resul<s f£-om the {
accumulatsd attenuaticns of the distant wings of H,0 absorp- i
tion lines, occurring principally in the far infrazed paz=: |
of +he srectrum. Other postulates, such as that the pharno-
mznon is caused by other absorption mechanisms involving H,0
dimers, remain pcssibilities y2t to be proved.

Hcwever, all that we can do at prssan* is to acccunt for
the water vapor conrntinuum phencmensn smpirically, Lased on

what limited experimental measuremeants we have <c g¢ c¢a,

until better line <shape theories become availabile. T &
. should be <cmphasized +hat further accuzate and well cont-

r
-
[,
o
A
o
L
9
L
d
4

(= rolled measurements are urgaatly requized in crder <c

account fcr this phencmenon ia zeal atmospheric situa%ions

DA i)

with confidence.

; A commcn formulation used (for example in LOWTRAN IIIB)
B to acccunt for the water vapor contiiuum attenuaticn at a
o] fixed temperaturs has been to define -he transmitzarce T(y)
r. -

f~ as fcllcws;

'@

A% b - Kw)x range

:-.. T@Q) = e (=egqrn 2.7)
:j where the a‘tenuation coefficient k(y) is given by

e

»
P

L S S e )
» o
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K(p) = C, [PM+%—'S‘-(P,-P“)]Q) (2qn 2.3)

where PHJ) and P, refer to <the water vapor partial pressure
and askient pressure respectivsaly (a+tm), and Wdefinzs tae
quantity ¢f water vagpcr pesr unit pathlength (gz ca-2 km-1)
The quantities Cg and C, are gererally refarred o as the
self and fcreign (ritrogen) broadening cosfficients for
water vapor.

Values for Cs and Cy/C¢ have been obtained empirically
from labcratory measurements. In LOWTRAN versions I through
III, *the quantity C,/Cg is assumed to z2main corstant over 2
given wavelength interval. However, a major additicn in
LOWTRAN IIIB has been to account for the temperature depen-
dence of Cs ard this will be discusse2d it the 8-14 am H,O0
continuum region. The H, O continuum radia=ioan iIn the
3.5-4.2 an region is of much less importarnce and will not be
futher discussed here.

1. Iemperature Dependence

The water vapor continuum a<tsnuaticn coefficient
has been found to have a significant remperature dependence,
which was not accounted for in “he previous LOWTRAN computer
codas. Based on the laboratory measurements using samples of
watar vapcr at elevated temperatures, a2 approximate eapir-
ical expression was obtained by Roberts =t al [Ref. 6] for
the temperature depandance which is givsn in Eqrn 2.9 belcw.
It was fcund that the at*enuation coefficient due <=c *he
water vagcr continuum incr=2asss as ths tempsrature
decreases. That is, for a fixed amount of water vager irn a
given pattk, one would expect more absorption at lower +emp-
eratures and less absorption at higher “‘emperzatures. This
is a scmewhat unusual phencmenon. In practice cne finds
less wazer vapor in the atmosphere uander <c¢old conditions,
therefore, the effect of tempera«ura on the attenuaticn in
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ﬁ: the 8-14 ma region plays two competiag =rc¢lszs, thrcugh =hs -
( total watex conteht c¢f the path and *the attecuation coeféi- i
t - cient. :
The empirical fi¢s %c the wavelength znd ienpecza-ure ]
dependence of the water vapor continuum described in koberts S
et al [Ref. 6] have been wused in LOWTRAN 1ITIB with the f
l appropriate conversicn of units as follows. f
;? The attenuaticn coefficient C4 in gn”! co® ata™ a- t
f; 296 K is given by tte following expressior in “he 8-14 aum ]
iﬂ region: ]
] -
;E CS(v,296)=a.18+5578exp(—7.87x16%1) (egn 2.9)
; whers VJ is the wavenumpber in cm”' (acte that =1044\, where A
? is the wavelength in am). .
? The temperature dependence of ths coefficient C, was S
ke found to vary as: 1
I 29¢
Cs (VoT) = Cs(¥,296) <xp 6.08(-;--1) (egn 2. 10)
i where T is the temperature in degrees Kelvin.
2. Nitrogep Broademed Coefficient :
; Cu/Cyq in +he aktove ©RBquation r=espresents the ratic cf z
K the fcreign (nitrogen) broadening coefficiernt to the sszlf E
? broadening coefficient.
& In IOWTRAN 1IIIB we use a value of 0.002 for the
; parameter Cy/C, Dbased on <th2 measuzements presented by
g Supplement LOWNTRAN IIIB (Ref. 7].
g Here, it is assumed that C,/C; (at 296 K) does not

vary with temperature (since 10 supporting measurements are
available).
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Thus, further measurements ar2 needed to determine
more accurately the magnitude of the parameter Cn/Cq ard its
temperature and wavelength dependence.

3. OTransmission Calculactions

The transmittance due to the water vapcr ccentinuum
in the 8-14 am region is calcula*ed for a horizontal path of
leangth RANGE(km) at altitude z using the fcllowing zxpres-
sion in LOWTRAN IIIB:

TV = exp[~c (V,ZSG)xH(z)xRANGE] (eqn 2.11)

wheze W (2) is the sffective H,0 absorber amoun“ per uni+
path length (in gm - cB atm ko™ ) at alcitude z, and Cg (Ve
296) is the water varper (self broadened) attenuaticn coeffi-
cient obtained from laboratoc-y measureaents a: a temperature
cf 296 K.

The quantity W(z) is given by:

W(zZ) = w(z) [pmexp[s.oe(%)-u)-+o.oo:1(P.,-?M)] (zqn 2.12)

where
w(Z) = gm cm-2/km of H20 in the pa*h at temp2rature T,
Fyo = H20 partial pressur2 (atm) at al*itude 2,
pT = ambient (%4ctal) pressure (a=m) at altitude 2z, and
T (2) = ambient temperature a* altitude =z (degrees
Kelvin).

Note +tha*t the <temperature dependencz of the attenuation
coefficiert C, (V,T) given in Egn 2.10, has been incorporated
into the expression for % in Eqn 2.12. The reason for this

T LT —————— "\'Y‘Y"".'-‘.‘s.""".‘i"n‘.‘.‘-‘.".‘.-.H‘-rﬂ

.......

Rt

-

il s 2 e azas

PP T N W W 3




......
................................

'l
o
5
4
v
°d
-4
d
-4
i
y
9
1
'
5
p
d
]
b
J
o
o
J
o
g

54 is so that the temperature variation over a given aztmcs-
pheric slan* path is weighted equally with the water ccnten*
ZI . along the path.

I It may be worth con“rasting 2qn 2.12 @ith <the
@5 correspcnding expression which has ba2n used in LOWTRAN I
: through LCWTRAN III, +hat is:

W(z) = w(z) [Pn.o +o.005(pT-pM)] (eqn 2.13)

C. AEROSCL EXTINCTICN COEFFICIENT & MODELS.

Scattering of radiation occurs from molecnles in the

!

air, from aerosol particles suspended in the ai-, ard from

PN

4,-4

3

water droplets in fecg, =fain cr hail. The atteauation cf a
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team depends on the size and number dsnsity distributicn and
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the refractive index of the particles. Atmospheric +tran-
smissicn may be strengly influenced or even doaminatred by
scattering from aercsol particles. The major paramater
determining the interaction is the ratio of particle radias
+tc the wavelegth of <+he radia<tion.

1. Aerosol extinction coefficien:

Aeroscl extincticn is sum of the absorp<ion and sca<tsring

ty aeroscl particles. Although scattering by aerosol parti-

P‘.'.

& cles whossz radius is smaller than about 0.03 times the
& wavelength of <+he 1igh< may be calculated by Rz2yleigh
: theory, for the whcle range of particle <zadius Mie thecry
a must ke applied.
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a. FHRayleigh Scattering

The Rayleigh volume total scattaring ccafficisn:
may te written as

»
.

3,2 >
7 G = 3TCh) ( 6+3P) (eqn 2.14)

| mTINAY 6-T1P

wheare n refractive index

-s

the number density of molecules

depolarization factor due to scme molecular

3 T R R e
LAt
-0

4 anisctrogy.
EE Following Pennderf [Ref. 8] it can be writ=zn ip
Zf the fcllowing form which depends on pressuze ard temge:za-
i ture.
9
-0 4,017 -1

O,, = 4.807x 10 2734 ) (Plier3) V Km (eqn 2.15)
. The strcng dependence on wavelength means that Rayleigh
5 scattering is a small effect for wavelangths longss than =hw
f visible.
i k. Mie scattering
f This is appropriate for <*he «condi*ion ¢f particls size
E: comparable *o wavelength; i.e., for largs molsculas and
4 small droplets. This is the most important mechanism for
! atmospheric scattering. McCartaay gives the scattering
& coefficient (Ref. 9].
¢ O = ﬁ]ganf(r)x(dun)dr (eqn 2. 16}
f vhere r ; the particle radius
ﬁ N (1) 3 +he total number density of particles ian tae
i ) size range dr about o
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K({,n) ; the area scattering coefficient, the ratio of
effective area to geometrical area, which
2mr/A and refractive Index n.

depends on &

2. MAercsol Hodel

The range of conditions in the boundary layer is
represented by three diffent aerosol models, which are
rural, urban or maritime. The first ¢wo az=2 grcuped
together as " averaged continental ".

a. Maritime

Maritime aerosol composition and size distzibu-
tions are significantly different £fzom =rTuzal aad uctan
aeroscl types. The maritime aerosol component is due <o sal+
particies which are caused by <he 2vapor-ation of ssaspray 2
droplets. The concentration ¢£f particles nesac the surface is
strongly dependent on wind speed ( above 7 m/sec ) ané the
size distribution is also dependent on relative humidi-<y.
This salt-particle numbsr-density decreases rapidly abcve
about 50C m [Ref. 10].

E. Rural

~BRural aercsol background is partly <“hs prcduct
cf reacticns between various gases in <+the 2tmosdhare and
partly due to dust particles picked up from *“he <acth
surface. The particle concentration is largely depeandent on
the histcry of the airmass carrying th2 asrosol particles.

C¢c. Urban

Urban aerosols contain c2r+tain additives £fron
combusticn groducts and from industry. Shettle and Fenn
assumed ap addition of 35% soot-like particlss of similiar
distributicn to the rural aerosol [Ref. 11].

22
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A. BCDEL ATMOSPHERES

The ICWTRAN cods provides a <choicz of six a+mcscheric
aodals, Tkese include the 1962 U. S. Standari Atamosphsre
pilus five supplementary models. Sucfacs level condivicrs for
*he suprlementary mcdels are given in Table IT ([Ref. 1].
There are also +wo ccnditional haze modzls - correspornding
%0 sea 1level visual ranges of 5 ard 23 km - provided as
kasic input da*a for I1OWTRAN III. Aezosol 2t==znuaticn for
¢zher visual ranges is calculated using an interpola*icn/

TABLE II
Surface Level Conditior for Model Atmospheres

Model la+itude Fressure Temp. Aiz Waz =2t Ozcae
atmosphers & dzasity vapcer
month {ab) (K) (3/m3) (a/ﬂ3) (a/m3)
Subartic _
wizte 60 N,Jan 1013 257 1372 1.2 4.12-0S
summer 60 N,July 19210 287 1220 9.1 4.9E-J35
Mldlat‘tude
winter 45 ,Jar 1018 272 1301 3.5 6.02-05
summer 45 N,July 1013 294 1191 14.0 6.CE-05
Tzcpical 15 N 1013 300 1167 138.0 5.6E~-05

extragpclaticn preccedure which utilizes taese “we models. 1In
addisicn %o <he mod=1 atmospheres =h= usa2r has the cptica of
insez+ting his owa model a“mcsphere, or of builiding anctker

{]

meda1l by combining varicus parts of the six s*andacd models.
Provisicns are made in *the LOWTRAN prograa for inserting
radiosorde data. Trere are 1limits on th=2 accuracy of

(B0
..

IOWNTEAN *ransmit+ance calculations when <he input is radio-

D

scnde da*ta alone. Radiosondes provid2 ver+tizcal profilzs of

It

<he synogtic msteorclogical param3:T=Is O “emrera-u:ze,
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Ecessur=, humidicty, and wind. Information on aicromezs=ozo-~
logical paremeters (i.e., aerosol size 3Iistribu*ions, lccal
oxidant conceatrations, etc.) is also nes=2ded as Inpu=. In
+the altserce cf micromsteorological inpu
maation; +his may n

its mcdel a+tmospherss for that infor ot
necessaril be applicable %o a spacific lccation, Fon
further discussicn or op*ical parzastsrs see [Ref. 12].

BE. CALCULATICN MODELLING

In +th2 application 1% is iapossible *c msasurs

transmittance a+ a singls frequency. Inztead cn2 m:sasuces
mit

“he transmittazncz T ) averaged over the spectral tarnd-
widtkh, gw(y), accepted by the rsceiver, as indica=ed in the
equation

E‘y(u) = :I,ITCV) 4y {egn 3.1)

where J is the cen+<zal frequency in “he int=srva

€ 1
Consegquently <£for many applica*ions onz is interes=ad
d ov

in

knowing tke +ransmit+zncz of the atmosphsze averaged over a2

relatively wide spectzal iaterval, +hat is, for low resola-
tion.

Thus the f2rm trarsmittance is somawhat ambigucus unless

u
= is qualified by scme indica%ica of <he svectral r=zsolu-
*ioa, 4p + cver which it is averagsd. This is particularly
*zue ir +*ke case of mclecular absorption, since the absorp-
tion coefficient K, is a rapidly vazyiag functicn of
fzequency. It is because of the =zapid variazion cf Ky, with
frequency that <he averaged tracmittaace T 1310ez no=, in
general, obey “he simple exponen+tial law. That+ is,

= 1
TAv(») = :;)éywp[-Km(V)Am] (2gr 3.2)
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where K,, represents *he net mcnochromatic mclecnlar

absorpticn co2fficient. On *the other hand the meclecular

- B

scattering coefficient (G,) and the aerosol scattering and

T g §
3

: absorpticn ccefficients((g, and K,) are slowly varying func-

3 tions of frequency, and the average transmittazce oleys the

N

simple 2xporential law provided cnly the direct transamitted

keam is being observed

There are four basic zpprcaches to obtaining a low rcsc-
lutien transmittance vaiue for a given pa-h through the
étmosphere due to molecular absorption. These are;
- (1) direct measurements over the reguired pa<k,

R

(2) measurements in the labcratory under simulatzd ccadi-
3 tions,

3 (3) lire-by-line (monochrecmatic) calculations Ekased c¢n
dztailed knowledge <c¢f spectroscopic 1line parameters which

NS0 TR

are then averaged over the required spectral interval,and :

(4) calculations based on band model *tachniques (which use

available laboratory and/or field transmittance measuremants
¢cr actual line data as a hasis).

Frcm +he point of view o¢f computations, ee~hed 3
involves a consideratle 2moun* of work and computer time,

DI R T -
LT Sk 2o A g Bz O
R et Lo s Sl 8 B

' and ccnseguertly methced 4 has been used most frequently.
: Basically, it involves a graphical or computerized

"curve £itting" techrnique for accessing the sicred zransmit-
tance da*a for the appropriate absorber and scat+erer

; amounts ccmputed from the input atmcspheric pa+h condizions.
The predetermined variations of transmittarnce with frequency

¥ are stcred for cthe various atmospheric <constituernts, for
standard path conditions.

P For a given set of meteorological ccnditions arnd
selected path, the appropriate absorber and scat*ecer
amounts ir *he required path are computed for each ccmpcaent
and the results used to correct the transmittances fcr thesa

T compcnents. The transmittanc2s for <the separate processes

3 25
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(line aktsorption, continuum absorptiorn, molectlar scat-

tering, aercsol scattering and aerosol abscrp<ion) ar=z then

! : multiplied together to give the overall absorption. Tha- Iis )
i Téy(u)(total) = ‘,(v)(line absorption) «x

b
' T,u(#) (continuum absorptioa) x
T,,(») (Rayleigh) x
I‘y(u)(aerosol).
It shculd be noted +hat the LOWTRAN computer ccde is

I desigred tc calculate the <transmittance fcr spectral bands.
] I should not be used <+o calculate transmissiocn <£cr lacer
S lires. Suitable techniques for computing ammospheric *ran-
; smission for laser lines or extremely narrcw spectzal bands
; are describsd in [Ref. 13]), [Ref. 14], and [Ref. 15].

X
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A. PROBLENM

As a check cn the performance of the code a sample calcula-
tion was carried out using the same input data descrikted by
Shlanta and Cornette ([Ref. 1], for which <hey prcvide
computed output.

The example is the calculation of the transmi+tance f:-onm
2350 to 2450 cm-1 4ir steps of 5 ca~-1 for a slant path from
2.5km to 8.5 km at a zenith angle of 65 degree, for a
subartic winter model atmosphere, and a 23 km visual ranga.

The ¢fpregram is ipitiated with data input on 4 cards
{lines) defiping the conditiors of the computation, and user
directicns are given &t tke beginzing of the program liszing
(Appendix a).

CARD 1 *¥5%%x71%x%1
S ; Sub-artic winter atmospaare
1 ; hn average cortinental aerosol model
13 For 23 km visible range
0 ; Por normal operation, e:zc.
CARD 2 *#2%%x(kxxxsdkk%kn 500%xxnx%g, 500****%65,.000
2 ; Vertical & slant path batween two altitudes
0 ; Per normel operation of the program which
selects the shorter path when applicakle
2.500 ; Oktserver altitude (knj
8.500 ; Scurce altitude (km)
65.000 ; Zenith angle at H1 (deg.).
CARD 3 *%*2350.000**2450.000**%*x5_,000
2350.000 ; Initial frequency (cm-1)
245G. 000 ; Fipal frequency (" )
5.000 ; Prequency intervals a+ which

trarsmittance is prin<ed.
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CARD 4 *x%0
0 ; T¢c end data.

B. OUTPUT FROM LOWTRAN IIIB.

The cutput fcr this problem is given ia Avpendix C. The
parameters defining the atmospheric path, model atmcspherss
and frequency range are firs* printed out. Pollewing tabu-
lations agive the atsorber amcunzs for horizontal and
vertical path. At the keading HORIZONTAL PROFILES %thare
13 coluans. The first cclumn gives a ruaaning iateger as

m
D

n

0

(=]

ciated with each level. The second column gives the lzave
altituds in knm. Tke next 8 columns give the equivalent
absorter amcunts per km fcr the following absorbing species:
water vapcr, uniformly mixed gas, czcne, nitregen ccrn=innua,
water vapcr continuum (10 um), molacular scatiering, aerosol
extincticn and OV czone, <respectively. The next thre=
columns give <he mean refractive index wmodulus frc¢m that
level to the level abecve, +the =2quivalent absor-ber amcunts
per km for the water vapor contirnuum (4 uam) and for ni<zic
acid.

A heading VERTICAL PROFILES is +then prin<ed <£ollowsd by
15 colunmns. The first and second columns give +he integer
associated with <the levels traversed by the path and the
height of +he level. Then follow 8 columns which give the
irtagrated equivalent absorber amounts from +the inizial
alti<ude to *he level above (in the same order as indicated
above). The next 4 cclumns are labelled PSI, PHI, BETA, and
THETA (see Appendix D).

The tctal equivalent absorber amounts for each abscrber
species are then summarized beiow in their appropriate

gnits.
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The seccnd line in the total squivalent abscrter amount
table gives *the water vaper continuum amount (4 mm) and ths
nitric acid amount.

A trarsmittance <=able, «containing 12 coluans, now
follows. The first 3 columns give the freguency (cm-1)
wavalength (am), and <total <+racsmittance. The next 7
columns shovw the individual transmittances due %tc watar
vapor, uniformly mixed gases, ozone, nitrog=an (4 aum)
continuum, total water vapor continuum, moalecular sca=:-
tering, and asrcsol extiaction. The last 2 columns give
absorpticn due to aerosols and +the cumulative integrated
absorpticn. The latter gquantity can be used <+o determine
ctral interval

W

the average transmittance over any given sp
within +the spectral range covered by +he calcula*icn.
Finally, +he total iat=agrated absorption from V1 to V2 is
prinated cut together with the average zransmi“+tance cver the
band.
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a- V. APPLICATION

The purpcse of this inplementation of LOWTRAN ITXIB is <o
3 present a simpie me*thcd of prediciing atmospheric transmit-
. tance (at lcw <cesolution) which is applicable over a wide
spectral interval and for a wide range of atmospheric path.

In *his study tke bandwidtas of the computations have |
been chosen 40 match the transmission bands of the filters

¥ ENOREENOMKING

used by th=2 atmospheric optics measuc-ement grcup at NPS
; [Ref. 16]. These filters have been used with grey - becdy
oy sources *c¢ give wavelength resolution in a number of trans-
<
R TABLE III
o Broadband Systenm
5 !
o center Fisliem e grey-hbody 3
. wave- Fandwidth " source detec*or ;
length at 1/? ht e teg .
| il -

; 1ad Y 20619537053 2400 51 a
A 0.63 .010 15748 -16000 . L) ]
-~ 0.84 .010 11834-11976 . I

1.02 .010 9662-9756 o [ ,

1.06 .010 9390-9479 L 9 ;
. 1.60 .098 6064 -6447 " "
2.15 .097 4549-4759 " Ga a
£ 3.80 400 2500-2778 1800 InSb, 77K [
T 3 8135 .110 2571-2646 " 2 /
L 10.66 2.950 827-1083 o HgCdTe, 77K g
:': 1 1 o 02 . 10 879-938 [ " ..
5 :
. ait“ance measurements at Monterey and =21sewhere. Pigurs 5.1
o shows %he passbands cf the gresy-body source £ilt2rs superim-
k fosed on curves of a*mospheric transmittance f£foz a 1000 £+,
. Fath at sea level cortaining 5.7 mm of precipitable water at
: 79°P. The filter bands are shown as Table III.
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Figure 5.1 Bandpass Regions for Grey-body Sourcs.

A. LOWTBAN CALCULATIONS FOR THE MONTHLY AVERAGE LDATA OF
MCNTEBEY BAY

Calculations intended €or use in the propagaticn studias
ir <he (Mcn*erey 3ay Area make use of the knowr range of
conditions and three different r2lative humiditiss, 70, 80,
and 90 %, +aking intc account the monthly and yearly aver-
ages cf air pressure, ai- temperature, dewpoint temperature,
water vapor density, 2and -elative huaidity. These monthly
and yearly averages are taken from +he <+thesis by Guner
(Ref. 4], and ozone density is <translated from that source
to 6.00E-05 gn/m3, <consistent wish tha midlatitude medel in
Table II. In this Table IV the average temperature is useq
which is the mean value c¢f maximum and minimum average *emp-
eratures correspcading to day/night conditions.
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Table V shows tke calculated atmospheric transmiztarnce

PO ) AR

for 3 differsnt casass of relativs humidities 'and t=wps:
S

A EOURAT L P

a
. i tures fcr selected wavebands of <the broadband system a* sea
level (1.60, 2.15, 3.80, 3.835, 10.66, 11.02 um), 13.16 knm
range, and with tyrical May conditions. Figure 5.2 and

Figure 5.3 also represent the atmospheric <transmittance of
I Table V.
By ccamparing the numbers for different relative

tea .'.i'h'-.'n'

humidity, it can be seen <that increasing r2lative humidity

| TABLE IV ]
] Mcnterey Bay Area Average Weather Condition 3

?e%n pf. meag te?p. m?gn d?“' %20/%9;. :e]ii hum.
mkars eqg. eqg. m/? L
JAN. 1020.0 40.83 6.?2 g7.37 7%
! FEB. 1020.0 10.57 6.63 7.67 76
[ MAR. 1017.5 10.84 6.68 7.67 78
AER. 1018.0 11.68 8. 34 8.53 77
MAY. 1017.0 13.34 9.45 9.11 77
JUN. 1C15.90 14.45 11.12 10.16 79
i JOL. 1017.0 14.73 11.68 10.55 83
! A0G. 1917.5 15.29 10.23 10.92 84
| SEP. 1013.5 15.84 14.73 10.55 79
. CCT. 1017.5 14.73 10.01 9.49 75
NCV. 1C19.0 12.79 7.23 7.95 72
i CEC. 1018.0 11.12 6.12 1.37 73
YEAR. 1017.5 13.07 8.89 8.82 77
TABLE V

Ccamparison of Transmittance by R.H & Temperature

wavenumbar Rel. Humiditg tamperatuce( C)

an cm~-1 70% 80 % 90 % 0.0 18ad 30.0
1) 1.69 6064-6447 .823 .823 .823 .823 .823 «223
2) 2.15 4549-4759 .834 .832 .831 .833 .833 .833
3) 3.80 2500-2778 .803 .797 .791 . 794 «79S 803
4) 3.835 2571-2646 .813 .808 .803 .806 .810 . 814
5) 10.6¢€ 827-1083 .836 .815 .793 .801 .821 .839
6) 11.02 879-938 .856 .833 .808 .818 .840 .860

decreasss the a<mospheric transmittance. We can alsc sec
that increasiang tenmperature increases the transmittance;
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- significant differences of the <transmittance occur idues %o
: temperature. The rumbers from the 8-14 uam region are much

ﬂ ) larger <han the other band. This point is consistent with
5§ the thecry ¢f the temperature dependence from chap+ez II.
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B. OFTICAL TRANSMISSION AT SAN NICOLAS ISLAND, CEWCOH#-78. |

In May 1978 <he NPS Optical Physics and Micrometeorolegy
u ) Groups participated in a Cooperativs Bxperimesnt, West Ccast,
. Oceancgraphy and Meteorology, 1978 (CEWCOM-78) in ccopara- 1
tion with <the measuremen* program OSP-III run by +hs USK |
- Optical Sigratures Picgram on San Nicolas Island. Cp+ical
! transpittance measurements frem the R/V ACANIA to shore and
e micrcmetecrclogical seasurements on th2 R/V ACANIA were made ]
B by NES measurement group, and other meteorological data were
monitcred in +he OSP experiment. Weataer conditions limited i
! the data ottained.
: The measured transmittance of the <cptical path from *the
R/V ACANIA ¢ site A on the northwest <ip of San Nicclas

LA R S LY
=

TABLE VI
San Nicolas Data, CEWCON-78 ]

- Date Time Range (m B&oadband
I B Sverdcld S8E5h.0
5,15 1126 63.0 % (34.99)
" 1458 2192 45.2 %(96.14)
" 16 23 2200 57.8 %(95,31) r
" 1649 22C0 43.3 %(96.63)

Island is listed in Tabie VI, The <transmiztances ars =zhe
cbservsd values, unccrrected for <h2 molecular absorzpticn,
mzasursd wizh filter selection £from a grey-bcdy sourcs.
2 The micrometeorclogical data <aker by ~he NPS
Metecrclcgy Team duzing “he CEWCOM-78 experimern+ [Ref. 16]
and the Daily Statistical Summary of Meteorological Data
[(Ref. 17] are used tc find interpolated temperature,rslative
humidity, anrd visibility. The numbers in parer+heses zepre-
sent LOWIRAN predictions of trarsait<ance, including beth
molecules and aeroscl extinction based on these metscreolo-

CREPA N B

gical iaput data.
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- The ccmrarison is given for the on2 day fo- which surféi-

SN . woa

u TABLE VII
9 Meteorological Data :

Andiadadad

Time Brcadband Eress.

Temp. Dew T. R.H., Water vapor

-I' nz) (mbar)  (deg.) (deg.) (&) (g/m3)

1126 3.6-4.0 1013.2 14.52 10.0 81.0 9.8 )

1633 " " 14.99 10.9 66 .7 " ]
; 1458 9.0-12.0 " 14.80 190.9 74.67 9.7 /
S ’6“9 W " 1“.93 10.0 65.69 9.5 9
l ciant m2teozological data are available (Tabls VII). This h
K 4

compariscn shows the LOWTRAN predicted transmittance for
these conditions to be much highaer than the mszasureasnts
The overestimation of transmitiancs by LOWTRAN sugges+ts <ha<

3 the particle mod=l ircludad in ths code way be inadsquaze,
or that <+he model's total particle number dansity wmay b=
underestimated by the code. Calibratisn =2rrors in the
measurement equipment have been investigated 2nd are cecnsid-

l ered an unlikely source of the discrepancy.

C. BEBIPERINENTAL MEASURENENT FRON MARINA TO POINT PINOS

' The current modelling effort was undectaken ia suppor:
o} of an experimen+al progam of transmittance measurame
x total extinction on ranges over Montzrey Bay from Marina %o
l Foint Pincs (June 1979) wusing laser and broadband (thermal)
i SOUrcCes. The optical extinction was measured a* 0.4880,
0.63z8, 1.03, 1.06, and 11.05 amn.
The calculational program has ther2fore been dizected to
computaticn c¢f molecular absorption and aerosol extinction
] coefficients for sea level propagation wunder a range of
weather ccnditions statistically typical of Monterey. This
has keen dcne for a variety of wavelengths appropriate .to
the measurements, and averaged over the filter bandwidths
] for the troadband sources uased (se2 Tables IIl.).
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- The aerosol par+icle spectrum was measur<ed on bcard the i
ACANIA with a Knollenberg counter. This informaticn was

[o 7]

! a used to predict a scattezing extinction coefficient, ‘tass

!
-
4

cn cae pcint measurement of the particle size spectrun.
Fcr ccmparison of data it is necessary to subtract +he
ffects <¢f molecular absorption from <*he <otal op*ical

w

. TABLE VIII
Extincticn Coefficient from Optical Measurement and LZLOWTRAN
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| extincticn., This is done using LOWTRAN. The value cf rela-
tive humidi“y and water vapor conteant have been cbtained
from Erof. Schacher and Dr. PFairall who =aade ths aarcsol
measuremerts [ Ref. 18]. .

The results are gpresentaed in Table VIII. The 2xtinction
in units of E-02 km-1 as measured optically, “h2 LOWTRAN
prediction of tctal extinction, tke moleculaz coatribution
computed by LOWTRAN, total measured minus LOWTRAN molecular,

nd +he values calculated £zom aerosol spectiza 2r2 shown.

By +=he compariscn seen by <he Tabls VIII, opzical
extincticn compu+«2d f£rom th2 aerosol spectra is much higher
+han the LOWTRAN total extinc<ion, and is vezy of<an higher
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*han the measu-ed orp<ical extinction. This may bpe dus =0

S S LA A S

the facz that aercscl extinciion was not measurzd cves <h2
’ - whole path but at only one point. It was measured cn toazd
) “he ACANIA met=20r0logical mast at a h2igh%t of approximsztely
10 m abcve mean sea level, at approximatsly the czntergpoinacz
. of the ortical path. The optical path in <this ex
i ranged frcm 18.3 m aktove sea level at Marinma o al
level at the ACANIA, du= to earth curvaiurz over =
km path.
Total aerosol extinction from LOWTRAN is much less +han

I the ex*inction calculated <£rom the measured asrosol
spectrum. Subtrac*ing the calculated aolecular component O
the LCWTRAN £rom ths optically mezsured extinction yields

*

the aeroscl extincticn ("diff.'"), which is much grzacter than i
b *he LCWTRAN =aerosol component Lkut somewhat less +han cha+ i
predicted frem the aerosol spectra. i.2., agreemant of ?
aeroscl extinction is much better with asrosol spec=tum ;
measurement than with the LOWTRAN aerosol extinction. L ]
l appears grotable that the LOWTRAN model consistently urndarc- |
estimates the severity of aerosol extiacticen in the maciae 3
envircnmernt. ;
l ]
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VI. CONCIUSION AND RECOMMENDATION

The ccmparisons of LOWTRAN IIIB predictions wi<h op*ical
measurements and with conmputazioas from particle siz2
distribution measurements show considerable differences.
The dJdiffsrerces could conceivably azise from measurcment
errors in the optical transmittance znd <the particiz

>

measurements; the two physical measurements give <s2sults
reasonatkly close to each other but in both cases differ
markedly fxcm LOWTRAN IIIB. In view of <the consideration
give to ltoth measurement +*echnigues it seems mos:t likely
that LOWIRAN IIIB ccnsistently underestimatss <+he aerosol
attenua+ion in the infrared wavebands
It must first be realized that LOWTRAN IIIB con*ains
limitaticns. It does not include the 2ff2cts of
1.clcuds,fcg or precigitation
2.refraction, scintillaticn or distortion of the propa-
gating beam due *o =trbulence
3.backgrcurd interference frcm direct or scattered =sola:s
radia%ticn
4.surface level reflections and masking
S5.multiple scatterirng
In addition +the models of refraction ard earth cuc-vature
are simplified anrd the a<mosphere 1is considersd to te hori-
zontally homcgeneous and stable with no inversion. Thase

limitaticns mean that a+ best LOWTRAN ITIB resulis arz of

(1]

"moderate" accuracy.

Som2 of these limitations have been rsmoved in +he
continuing svclu+tion cf LOWTRAN. LOWTRAN IV (Feb. 1978) in
addi+ion to using improved empirical “ransmiti*ancz func=ions
for gases cf small absorber amount, 3includes th2 effecis of
niztric acid as an abscrbsr and emitter, and incorpcraizs a
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“radiance mode"™ to «compute +*he radiance from <+he =szrzh
surface and the atmosghere.

LCWTFAN V (Feb, 1980) hLas been upgraded to include new
aeroscl mcdels dz2pendent on altitude and relative humidity,

R A

and a model for fog attenuation.
o It may be expected that implamentation of <hese codes
l (preferbly IOWTERAN V) may give better agreement Ltetwzen

3 experimant and compution and allow better validaticn of

aeroscl extincticn calculation methods.

; LCWTRAN IV and LCWTRAN V are not currently availabl: at
l NPS in card cr tape form, and considerable modifica*ion will
be required to adapt them to use on the IBM 3033 system. In
the absence of later focrms of LOWTRAN, <the IIIB v=rsion may
still be used to compare transmittances under different

o S A N A Y

conditions. In addition, little change has been made in <he

absorpticn in 1later versions, so that +the use ¢f IIIB to

compute the atmospheric absorption is valid. This allows

its use +o0 compute aerosol extinction from total cpiical
. extincticn by subtraction of the calculated abscrptcn.

I+t is recommended that an effort should be made to adap*
LOWTRAN V fcr the NPS IBM computer systen.
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